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Abstract. The accuracy of ground deformation modelling at tion modelling is therefore an important consideration. While
active volcanoes is a principal requirement in volcanic haz-we urge that these new laboratory data should be considered
ard mitigation. However, the reliability of such models re- in routine ground deformation modelling, we highlight the
lies on the accuracy of the rock physical property (perme-challenges for ground deformation modelling based on the
ability and elastic moduli) input parameters. Unfortunately, heterogeneous nature (vertically and laterally) of the rocks
laboratory-derived values on representative rocks are usuallthat comprise the caldera at Campi Flegrei.

rare. To this end we have performed a systematic labora-

tory study on the influence of pressure and temperature on

the permeability and elastic moduli of samples from the two

most widespread lithified pyroclastic deposits at the Campil Introduction

Flegrei volcanic district, Italy. Our data show that the water

permeability of Neapolitan Yellow Tuff and a tuff from the Monitoring ground deformation, the surface expression of
Campanian Ignimbrite differ by about 1.5 orders of magni- deeper magmatic and/or hydrothermal activity, at active vol-
tude. As pressure (depth) increases beyond the critical poirg@noes is an important tool in volcanic hazard forecasting
for inelastic pore collapse (at an effective pressure of 10-and mitigation. Ground deformation at a volcano (measured
15MPa, or a depth of about 750 m), permeability and porosY global positioning system (GPS) satellites, interferomet-
ity decrease significantly, and ultrasonic wave velocities andic synthetic aperture radar (INSAR), tiltmeters, or electronic
dynamic elastic moduli increase significantly. Increasing thedistance metres (EDM)) are typically analysed using inverse
thermal stressing temperature increases the permeability arfoblem models that consider a source (e.g. a magma cham-
decreases the ultrasonic wave velocities and dynamic eladier. & zone of overpressurized fluids, or a combination of the
tic moduli of the Neapolitan Yellow Tuff; whereas the tuff two) embedded within a homogenous elastic or viscoelas-
from the Campanian Ignimbrite remains unaffected. This dif-tic half-space (e.g. Mogi, 1958; Dzurisin, 2006; Hurwitz et
ference is due to the presence of thermally unstable zeolitedl-, 2007). These models yield important information regard-
within the Neapolitan Yellow Tuff. For both rocks we also ing the location, shape, and volume/pressure changes of the
find, under the same pressure conditions, that the dynamigource. The accuracy of such modelling relies on the accu-
(calculated from ultrasonic wave velocities) and static (calcu-racy of the rock physical property input parameters (typi-
lated from triaxial stress-strain data) elastic moduli differ sig- Cally elastic moduli and permeability, depending on the type

nificantly. The choice of elastic moduli in ground deforma- Of model). Even small changes in the values of key con-
trolling parameters can lead to large differences in the rate,
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lated to the emplacement of the Campanian Ignimbrite about
39000yr ago (De Vivo et al., 2001) and, (2) the eruption
of the Neapolitan Yellow Tuff (NYT) about 15000yr ago
(Deino et al., 2004); although the area has been volcanically
active for more than 300 000 yr (Rolandi et al., 2003).

Today, the CF volcanic district is dominated by a resur-
gent, nested caldera (Fig. 1) that hosts a large, shallow
(< 4 km) hydrothermal system (e.g. De Natale et al., 2006).

The CF caldera is considered to have formed due to collapse
following (1) both of the major eruptions (e.g. Barberi et al.,

N Naples 1991; Orsi et al., 1996) or, (2) the eruption of the NYT only
I (see Rolandi et al., 2003 and references therein). In the latter
10km o hypothesis, the Campanian Ignimbrite is thought to be the re-

sult of eruptive events originating from pre-existing neotec-
Fig. 1. Map showing the location of the inferred Campi Flegrei tonic faults forme_d during the Apennine uplift (De Vivo et
caldera and the proximity of Naples to both the Campi Flegrei @l 2001; Rolandi et al., 2003). Although there has not been
caldera and Mt. Vesuvius. The Neapolitan Yellow Tuff used in this @an eruption for almost 500 yr (since the Monte Nuovo erup-
study was sourced from an open quarry within the inferred CFtion of 1538 AD), CF has become increasingly restless and
caldera at Monte San Severino (i.e. within the red circle), while theis densely monitored by permanent seismic and ground de-
Grey Campanian Ignimbrite was sourced from an open quarry toformation networks. In recent times, two major episodes of
the north-west of the town of Caserta (the blocks used in this studynrest have occurred, between 1969-1972 and 1982-1984
are the same as those used in Heap et al., 2012). (Bianchi et al., 1987; Bonafede, 1991). Surface uplift, on
the order of several metres (bradyseism), and accompanying
earthquakes in 1984 led to the evacuation of the town of Poz-
magnitude, and geometry of ground surface deformatiorzuoli. Since then, there has been an overall subsidence trend
(e.g. Hurwitz et al., 2007). For instance, a recent contribu-(e.g. see Fig. 2 in D’Auria et al., 2011), periodically inter-
tion using viscoelastic modelling to better understand flankrupted by small (centimetre-scale) and short-lived (months)
motion and summit subsidence afl&ea (Hawai'i) showed uplifts in 1989, 1994, 2000-2001 (e.g. Lanari et al., 2004;
that deformation rates are enhanced when the elastic modianco et al., 2004; D’'Auria et al., 2011), and 2004—2006
uli input parameters are lowered (Plattner et al., 2013). Fur{e.g. Saccorotti et al., 2007; Trasatti et al., 2008; D’Auria
thermore, homogenous half-space models, by definition, aset al., 2011). However, the interpretation of long-term and
sume that all the rocks that comprise the volcano have idenshort-term ground deformation patterns at CF is a matter of
tical physical properties. However, volcanoes are built fromdebate (see De Natale et al., 2001, and De Natale et al., 2006,
successive eruptive episodes and thus the physical propertidésr reviews on the topic). Models to explain the origin of
of the rock strata that form the edifice are likely to span athe uplift can be broadly divided into two camps: those that
wide range. For this reason, conventional homogenous halfeonsider solely the input of magma at depth (e.g. Berrino et
space modelling at volcanoes has recently been considereal., 1984; Bonafede et al., 1986; Bianchi et al., 1987) and
an oversimplification that could lead to misinterpretation of those that invoke an interaction between magma and fluids
the derived source parameters (Manconi et al., 2007, 2010 magmatic-hydrothermal models and thermodynamic mod-
For instance, Manconi et al. (2010) showed that this “stan-els; e.g. Bonafede, 1991; Gaeta et al., 1998; Bonafede and
dard” approach can lead to inaccurate values for the sourc®azzanti, 1998; De Natale et al., 2001; Lundgren et al.,
volume changes. Therefore, models that consider mechanR001; Troise et al., 2001; Gaeta et al., 2003; Chiodini et al.,
cal heterogeneities (e.g. Manconi et al., 2007, 2010) requir003; Battaglia et al., 2006; Gottsmann et al., 2006; Troise et
a good knowledge of the breadth of elastic moduli that canal., 2007; Bodnar et al., 2007; Lima et al., 2009; Todesco et
be expected for representative rocks, and thermodynamic anal., 2010; D’Auria et al., 2011; Troiano et al., 2011; Chiodini
magmatic-hydrothermal models (e.g. Hurwitz et al., 2007;et al., 2012). The latter category can be broken down fur-
Todesco et al., 2010) require accurate values of their permether into models that require the input of fresh magma from
ability and elastic moduli. However, such laboratory data aredepth (e.g. Gaeta et al., 1998) and those that consider magma
commonly scarce or absent. body cooling and concomitant crystallization (e.g. Bodnar et
The densely populated (about 3 million) Neapolitan area,al., 2007; Lima et al., 2009). Other models account for the
southern ltaly, is in a state of constant threat provided bysurface deformation by invoking an interaction between the
the proximity of Mt. Vesuvius and the increasingly rest- pressure source and caldera boundary fractures (e.g. De Na-
less Campi Flegrei (CF) volcanic district (Ricci et al., 2013; tale and Pingue, 1993; Beauducel et al., 2004) or mechanical
Fig. 1). The eruptive history of the CF volcanic district can heterogeneities (e.g. Manconi et al., 2010).
be characterized by two major eruptions: (1) the eruption re-
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Elastic moduli are generally assumed, or extrapolated
from seismic tomography studies (e.g. Chiarabba and
Moretti, 2006; Vinciguerra et al., 2006). Typically, Poisson’s
ratio is taken as 0.3 and shear modulus as 5 GPa (e.g. De
Natale et al., 1991). However, dynamically-determined elas-
tic moduli (i.e. those calculated from ultrasonic wave veloci-
ties) may not represent the most appropriate values to use in
volcano ground deformation modelling. Deformation caused
by a volcanic source proceeds quasi-statically rather than dy-
namically and therefore static elastic moduli are likely to be
the most appropriate input parameters (Heap et al., 2009;
Manconi et al., 2010). It is well known that dynamic and
static moduli differ as a result of the large differences in the
frequency at which they are measured (Simmons and Brace,
1965; Cheng and Johnston, 1981; Eissa and Kazi, 1989; Cic-
cotti and Mulargia, 2004; Ciccotti et al., 2004). Static elastic
moduli for representative materials from CF are not yet avail-
able (Manconi et al., 2010).

The pyroclastic deposits that comprise the caldera at
CF are exposed to elevated temperatures, as evidenced
by two-dimensional conductive/convective humerical mod-
elling (Wohletz et al., 1999), seismic attenuation tomogra-

Fig. 2. Photographs and optical microscopy images of the as-p_hy (de Lorenzo et al., 2001), and infrargd imaging (Chio-
collected Neapolitan Yellow Tuff4 andB) and Grey Campanian dini etal., 2007). Surface geothermal gradients of about 150—

Ignimbrite (C andD). The photomicrographs are taken from Heap 200°C km~! are estimated (for the first 1.5km) and, at the
etal. (2012). edge of the hydrothermal system, a temperature of°€20

was measured at a depth of 3 km (AGIP borehole San Vito 1,
de Lorenzo et al., 2001). It has been shown previously that
While we note that the goal of this contribution is not to thermal stresses can increase the permeability (e.g. Homand-

critically review the numerous models invoked to explain the Etienne and Troalen, 1984; Jones et al., 1997; David et al.,
ground deformation at CF, we highlight that the accuracy1999; Nara et al., 2011) and decrease the Young's modulus
of all these models relies on accuracy of the rock physical(e.g. Keshavarz et al., 2010) of rock. This is usually inter-
property input parameters. Unfortunately, published laborapreted as being a consequence of the formation of new micro-
tory investigations on the physical properties of representacracks due to the build-up of internal thermal stresses. Vol-
tive materials from the CF caldera are rare. Values of percanic rocks are persistently challenged by elevated tempera-
meability have, thus far, either been inferred from in situ tures due to their proximity to large permanent heat sources,
observations (Rosi and Shrana, 1987) or have been takeand the fluctuations in temperature caused by the movement
from experiments conducted on NYT under ambient pressur@f magma, and are therefore especially prone to thermal mi-
conditions (Ascolese et al., 1993a, b; Peluso and Arienzogrocracking. Furthermore, many fine-grained pyroclastic de-
2007). In the most recent study, Peluso and Arienzo (2007posits can be further jeopardized by high temperatures due
measured the permeability of NYT at ambient pressure tato the presence of thermally unstable zeolites (Heap et al.,
be between 2.& 1071 and 6.3x 10 1"m? (the range of 2012). Since zeolitization promoted lithification, the loss of
porosity was between 48 and 52 %). However, not only arezeolites can impose dramatic consequences on rock physical
the deposits within the CF caldera present at depth (whiclproperties. Recent data has shown that NYT becomes struc-
is likely to severely influence their permeability), but it is turally unstable upon exposure to high (100-76)temper-
known that the permeability of lithified pyroclastic deposits atures, resulting in a severe decrease in both tensile and com-
can be highly variable (a variety of representative materialspressive strength (Heap et al., 2012). A recent contribution
should therefore be measured), depending on their degree @y Manconi et al. (2010) highlighted the need for the evalua-
lithification (Vinciguerra et al., 2009). We also highlight that tion of the temperature-dependence of the material properties
permeability data of borehole samples are presented in aof the rocks at CF.
open access report (Giberti et al., 2006). This report shows, For the reasons outlined above we have conducted a sys-
for the San Vito 1 borehole, that the permeability can rangetematic study of the influence of pressure and tempera-
from 1013 m? at the surface to 1d® m? at a depth of almost  ture on the physical properties (permeability, porosity, ul-
3000 m. trasonic velocities, and elastic moduli) of two lithified py-

roclastic deposits (one zeolitized) from CF. We first present
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Table 1. Summary of the ambient pressure, as-collected physical properties of NYT and WGI. “Dry” indicates measurements on samples that
were dried in a vacuum oven for at least 24 h; the measurements were then performed under ambient laboratory humidity. “Wet” indicates
measurements on samples that were vacuum-saturated with distilled water.

Neapolitan Yellow  Grey Campanian

Tuff (NYT) Ignimbrite (WGI)
connected porosity [%)] 43.8 48.5
dry bulk sample density [kg mg] 1270 1330
dry P wave velocity [kms1] 2.29 231
wet P wave velocity [kms1] 2.60 2.56
dry S wave velocity [kms 1] 1.25 1.28
wet S wave velocity [kms1] 1.30 1.33
dry Vp/ Vg 1.84 1.80
wetVp/ Vg 2.00 1.93
dry dynamic Young's 5.07 5.58
modulus [GPa]
wet dynamic Young’s 7.68 8.42
modulus [GPa]
dry dynamic Poisson'’s ratio 0.28 0.28
wet dynamic Poisson’s ratio 0.33 0.31
dry dynamic shear modulus [GPa] 1.97 2.19
wet dynamic shear modulus [GPa] 2.88 3.20
dry unconfined compressive strength [MPa] 3.47 9.23

(from Heap et al., 2012)

the investigated materials and methods. We then present ouennaro et al., 2000), contains phenocrysts of sanidine, pla-
experimental results before discussing our data in terms ofjioclase, clinopyroxene, biotite, and minor amounts of Ti-
ground deformation modelling at CF. magnetite and apatite within a matrix of pumiceous lapilli
and glassy ash (glass shards and blocky shaped glass frag-
ments). X-ray diffraction pattern analysis has indicated the
2 Materials investigated presence of phillipsite, chabazite, and analcime (Heap et al.,
2012). The mean content of these zeolites in NYT can ex-
Our experiments were performed on samples of NYT and.eed 50 % (e.g. de Gennaro et al., 1990, 2000). WGI (Fig. 2¢
Grey Campanian Ignimbrite (WGI), sampled from the two anq ), feldspathized by authigenic mineralization processes,
most abundant and widespread volcanic deposits in the Cls made up of reversely graded black scoriae embedded in
volcanic district. NYT was sourced from an open quarty gn ashy matrix with subordinate lithics and crystals (Cap-
within the inferred CF caldera at Monte San Severino (i-e-pelletti et al., 2003; Langella et al., 2013). WGI contains
within the red circle in Fig. 1), while the WGI was sourced pynidiomorphic phenocrysts of alkali-feldspars with minor
from an open quarry to the north-west of the town of Casertaamounts of clinopyroxene, as well as microlites of alkali-
(the blocks used in this study are the same as those used i%ldspar, Ti-magnetite and apatite. The matrix comprises
Heap et al., 2012). In this paper we refer to both lithified py- well-sorted glass shards with occasional accretionary ash
roclastic rocks as “tuffs”. clots and porous lapilli fragments (Heap et al., 2012, and ref-
NYT and WGI contain average connected porosities of 44grences therein). Although WGI does not contain any zeo-
and 49 %, respectively (measured using the triple weight wajtes, we note that portions of the Campanian Ignimbrite are

ter saturation technique; Guéguen and Palciauskas, 1994)eryasively zeolitized (e.g. see Langella et al., 2013).
We note that, although our samples are small compared to

the volume of the natural deposits, a report by Giberti et

al. (2006) showed that the porosity of 12 and 125 eam- 3 Experimental methods

ples were very similar, for a wide range of material from

CF. Photographs and optical microscopy photomicrograph#\s mentioned above, the caldera at CF hosts a large, shallow
of the samples are provided as Fig. 2 and their ambient prest< 4 km) hydrothermal system (e.g. De Natale et al., 2006).
sure, “as-collected” (i.e. “natural” samples that have under-Indeed, laboratory studies have demonstrated that the water-
gone no heating or deformation) physical properties are listedaturated ultrasonic velocities of tuffs from CF are more rep-
in Table 1. NYT (Fig. 2a, b), a trachytic pyroclastic deposit resentative of the in situ values than “dry” (measurements
characterized by both pyrogenic and authigenic phases (deonducted on oven dried samples at ambient laboratory
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Table 2. Summary of the estimated measurement accuracy. Table 3. Expected natural variability between tuff samples cored
from the same block. Note that these are not “errors” in the mea-
measurement accuracy surements. Measurement accuracies (Table 2) are insignificant com-

pared to the natural sample variability, despite efforts to reduce the

confining pressure [Pa] 100000 (UCL) variability between samples cored from the same block of material
+10000 (Strasbourg) (see text for detalils).

pore fluid pressure [Pa] +10000

pore fluid volume [} +1.0x 1012 expected natural variability

LVDT displacement [m] +0.000001

axial stress [Pa] +10000 Young’s modulus [GPa] +0.5

original sample dimensions [m]  +0.00001 Poisson’s ratio +0.05

shear modulus [GPa] +0.5
water permeability [i] ~ +1.0x 10714
P wave velocity [kms1] +0.1

S wave velocity [kms1] 0.1

humidity) ultrasonic velocities (Zamora et al., 1994; Vanorio
et al., 2005; Vinciguerra et al., 2006). Since the tuffs of CF
are present at depth, and are likely to contain a fluid phasgerent thermal stressing temperatures and pressures) can be
(e.g. a mixture of meteoric water and seawater contaminatedompared with the greatest confidence.
by rising magmatic gases, see Valentino et al., 1999), we
consider experimental values on pressurized, water-saturategll  Hydrostatic experiments
samples as the most representative. Our experimental pro-
gram was twofold. (1) Hydrostatic (i.e3 = o2 = 03) exper- Hydrostatic experiments were performed in the Rock & Ice
iments to measure changes in permeability, porosity, ultrafhysics Laboratory (RIPL) at University College London
sonic wave velocities, and dynamic elastic moduli with in- (UCL) using a 300 MPa hydrostatic pressure vessel equipped
creasing effective pressure (Peff, from 5 to 50 MPa) on samwith two 70 MPa servo-controlled pore fluid intensifiers or
ples that had been thermally stressed to a range of temperaolumometers (Fig. 3, see also Kolzenburg et al., 2012). The
tures (from as-collected to 100Q). (2) Constant strain rate apparatus is designed to measure permeability, porosity, and
conventional triaxial (i.eoc1 > 02 = 03) deformation experi-  ultrasonic wave velocities contemporaneously. In our experi-
ments at a Peff of 5 MPa to measure static elastic moduli. Imiments we chose an experimental pressure range of 5-50 MPa
portantly, we measure both static and dynamic elastic modul{i.e. up to a depth of about 3.5 km).
at the same Pefi=£ 5 MPa) so that the values can be easily Cylindrical samples, 25mm in diameter and nominally
compared. All our experiments were performed at room tem-40 mm in length, were all cored from the same set of
perature (while this may not accurately represent the naturablocks and in the same orientation. Samples were precision
case, we note that, to explore the influence of temperaturground so that their end faces were flat and parallel. Prior
on the physical properties of the tuffs, we conducted expertio experimentation, samples were either (1) held at ambi-
iments on samples thermally stressed to a range of temperant temperature (as-collected) or, (2) thermally stressed to
tures). pre-determined temperatures of 100, 200, 300, 500, 750, or
Experimental data are subject to error as a result of thel000°C (note: NYT could not be tested after exposure to
accuracy of the various transducers. Estimations of the ac1000°C due to a severe volume reduction). Thermal stress-
curacy of the measurements of this study are listed in Taing was achieved by heating the sample to the target temper-
ble 2. The errors are extremely small and lead to error barsture at a rate of 1C/min, holding the temperature constant
that are smaller than the data points in the figures providedor 60 min, and then cooling at the same rate. Once at room
in this study. However, we note that measurement errors aréemperature, all samples were vacuum-saturated in distilled
dwarfed by the natural sample variability of the tuffs (i.e. the water prior to experimentation. The measured sample was
natural variability of samples cored from the same block ofthen inserted into a nitrile rubber jacket and fixed between
material). Estimations of the natural sample variability of the the two endcaps. The sample assembly was then lowered into
tuffs used this study are provided in Table 3. While one of the pressure vessel. Once inside the setup, the confining pres-
the goals of this contribution is to demonstrate the variabil-sure () and the pore fluid (distilled water) pressur@g)in
ity of different tuffs from the CF volcanic district, we strived both the “upstream” B,p) and “downstream” Pyown) pore
to minimize the variability between samples cored from thevolumometers were increased to 10 and 5 MPa, respectively.
same block by (1) coring many samples and selecting thos&he confining and pore pressures were increased slowly to
within a strict porosity range, (2) discarding samples with ob-avoid damaging the sample, and care was taken to ensure
vious, large heterogeneities and, (3) discarding samples witlthe sample was not pressurized beyond the maximum effec-
anomalousP wave velocities. Using these sample selectiontive pressure targeted for the experiments (5 MPa). For the
guidelines, our experiments under different conditions (dif- purpose of this study we apply the simple effective pressure
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01=0,=0; . Water permeability measurements were made by impos-
osciloscope ing a 1 MPa pressure difference across the jacketed sample.

§§§§ To achieve thisPyp and Pgown Were set at 4.5 and 5.5 MPa,

respectively. The volumometers were then allowed to move
full stroke (10 cn) and steady-state flow was only assumed
when the flow rate was constant over a protracted period.

Water permeabilityyater) Was then calculated directly from
"downstream" pore fluid intensifier H 300 MPa Darcy's law:
pressure
vessel
F@W" / % = Kv’;/rzter (Pup - Pdown) > (4)
pore fluid
] o P whereQ is the fluid volume fluxA is the cross-sectional area
upstream” pore fluid intensifer I of the sampley is the viscosity of the pore fluid (taken as
_@7—@_ |_sample 8.94x 10~4Pa.s) L is the length of the sample, aryp and
$ o bare | rubber Pdown are the pore pressures at the.“upstream” and “down-
* Jacket stream” ends of the sample, respectively.
oil reservoir Once the permeability measurement was complete, the
confining “downstream” volumometer was isolated and the “upstream”
o [~ fluid volumometer was set back at 5 MPa. Thewas then slowly
airdriven pume o increased to 15MPa. By monitoring the movement of the
“upstream” volumometer the porosity change from Reff
é 5 MPa to Peft= 10 MPa could be accurately calculated. The

Fe sample was then left for 30 min at the new pressure to ensure

Fig. 3. Schematic diagram of the permeameter at the Rock & IceMicrostructural equilibration. Once equilibration was com-
Physics Laboratory (RIPL), University College London. Schematic plete, the ultrasonic measurements for Reff0 MPa were
is not to scale. taken. This procedure was repeated for every 5 MPa Peff in-
crement up to 50 MPa.

) i During our experiments, the length of the samplend
law of Peff= Pc —a Py, assuming that poroelastic constant {he cross-sectional aretawill change due to the compaction
« = 1 (Guéguen and Palciauskas, 1994). The sample was |efit ihe sample at elevated pressure. We have corrected for this
for 30 min at an _e_ffect_we pressure of 5MPa tq €nsure Mi-(in our calculations of permeability and ultrasonic wave ve-
crostructural equilibration and complete saturation. locities) using the volume reduction of our sample (as mea-
~ Once equilibration at Peff=5MPa was complete, the gred by the water expelled from the sample) at each pressure
first ullt.rasonlc measuremen?s were taken. .Ultrasom(.: Wavegterval, assuming isotropic compaction. Although one sam-
velocities were measured via PZT (lead-zirconate-titanate}e \as used per thermal-stressing temperature, we reiterate
piezoelectricP and § wave transducer crystals housed in 14t great care was taken during sample selection to exclude

the sample endcaps (Fig. 3) using an Agilent Technologieggmples that contained large heterogeneities or anomalous
1.5 GHz “Infiniium” digital storage oscilloscope and a JSR gnnected porositieB/wave velocities.

DPR300 35MHz ultrasonic pulser/receiver. All ultrasonic

wave arrival times were individually picked as the first devi- 3.2  Triaxial deformation experiments

ation from the baseline signal. Dynamic elastic moduli were

calculated from the resultant ultrasonic wave velocities usingConstant strain rate (10 10-°s~1) conventional (i.eo1

the following formulae (Guéguen and Palciauskas, 1994): >o2 =o03) triaxial experiments were performed on as-
collected cylindrical samples of the two tuffs (20 mm in di-

VZ(3V3—4vy) ameter and nominally 40 mm in length). Samples were cored

Eq=p VE — Vé? ’ @ from the same blocks and in the same direction as for the
V2 _oy2 hydrostatic experiments described in the previous section.
vg= —L-——35 . (2) The samples were precision ground so that their end faces
Z(Vzg - V52 ) were flat and parallel. Both experiments were performed in

Eqy the conventional triaxial deformation apparatus (Fig. 4) at the

Hd= 2(1+vg)’ ) Laboratoire de Déformation des Roches (Université de Stras-

_ . . o bourg) at a Peff of 5 MPaK;, of 5 MPa and &P of 10 MPa).
whereEq is Young's modulusyg is Poisson’s ratio, glis the  axjal stress and strain were monitored continuously using a

shear modulusy is the bulk sample density aride andVs  |oad cell and an LVDT displacement transducer, respectively.
are theP andS$ wave velocities, respectively. Pore volume change (used as a proxy for volumetric strain,
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bourg. Schematic is not to scale. 0 2 4 6 8 10

porosity reduction [%]

€y) Was monitored using a pore pressure intensifier, and theig. 5. The evolution of porosity change with increasing effective
output of acoustic emissions (AEs) by a piezoelectric trans-pressure for Neapolitan Yellow TufA) and Grey Campanian Ig-
ducer crystal (located on the top of the piston) using a Physiimbrite (B). The temperatures in the legend refer to the thermal
cal Acoustics USB AE Node. AEs are high frequency elasticstressing temperature (see text for details). Note that the porosity
wave packets generated by the rapid release of strain energgduction on the axis is not a relative change.

such as during brittle microfracturing (see Lockner, 1993 for

a review). During experimentation, an AE hit was recorded . . . .
if a signal exceeded the set threshold of 40 dB. The AE “en_wheresr ande, are the radial and axial strain, respectively.
| Static shear modulug:§) was then calculated using the fol-

ergy” (the area under the received AE waveform envelope)™ . ) .

ofgeyac(h received AE signal was provided by the AEwin Sor;t_)lowmg formula (Gueguen and Palciauskas, 1994):

ware. In this study we will adopt the convention that com- Es

pressive stresses and compactive strains are positive. Hs = 20+ vs) Q)
Static Young's moduli £s) and Poisson’s ratiov§) were

then calculated from the resultant stress-strain data, follow-

ing the method of Heap and Faulkner (2008). We take both3.3 Microstructural analyses

from the quasi-linear elastic regions of our tangent modulus . .

curves (i.e. those regions where the moduli did not change)Microstructural analyses were performed using (1) the Hi-

Static Poisson’s ratio is given by tachi S-3600N Environmental Scanning Electron Micro-

scope (E-SEM) at the University of Leicester using a work-

Vs = _ﬂ, (5) ing distance of 14.3 mm and an accelerating voltage of 15kV
€a and, (2) a Leica DM2500 (equipped for both transmitted and
where reflected light) microscope with a mounted 5 megapixel Le-
ey — €a ica DFC425 digital camera (at the Laboratoire de Déforma-

o= (6)  tion des Roches, Université de Strasbourg). The E-SEM was

used to look for evidence of pore collapse in samples of NYT
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taken beyondP* (the critical pressure for the onset of in-

elastic compaction). Optical microscopy was used to inves- | \earelian Yelow Tuff (NYT) —e— "as-collected" | ]
tigate the influence of high temperatures (10G) on the ol - ;gg jg 1
microstructure of NYT and WGI. f e 300°C
9 500 °C
= 8r 750 °C ]
4 Results 5
g 6 ]
4.1 The evolution of porosity with increasing pressure g
and temperature 347 1
g 2
Plots of the evolution of porosity with increasing Peff (com- 2f N ]
monly called “hydrostats”) for both NYT and WGI at each A %
thermal stressing temperature are displayed in Fig. 5. For ol e Z'O:JE;
5

porous rock, an increase in hydrostatic pressure results in a

. .. . . . effective pressure [MPa]
volume and porosity decrease. Initially, this compaction is

elastic (i.e. recoverable) but, at some critical pressure (as- 15[ Groy Gampantan lanimbrite (WG) ' i ]
suming the rock is porous enough), pore collapse and grain A\\ o ';%Sdicéleded"
crushing (now non-recoverable damage) ensues and the rate 1o} — —a— 200°C ]
of compaction accelerates. This critical pressure is denoted¢ D 238 :g

P* (Wong and Baud, 2012). The Peff required to re#&h 2 sof 750 °C ]
varies from rock to rock, but depends largely on the initial = —+— 1000°C

rock porosity and grain size (generally, the higher the poros- = e}

ity, the lower the Peff folP*). The stress at whicl®* occurs g

can therefore provide important information on the physi- g 4}

cal and microstructural state of rock at depth. In our experi- 3

ments, the position aP* is about 10 MPa for NYT (Fig. 5a) g 20}

and about 10-15 MPa for WGI (Fig. 5b). Prior B, during B . f
elastic compaction, we note that the porosity change is linear —olbooo v v v v v v v v 0 0 0 L L S

0 10 20 30 40 50

(i.e. there is no concave portion that is usually attributed to effective pressure [MPa]

the closure of microcracks; however this may be a result of

the large steps in Peff between measurements). We note thalg. 6. The evolution of water permeability with increasing effec-
there is no microstructural evidence for microcracks in thetive pressure for Neapolitan Yellow Tuff) and Grey Campanian
as-collected materials (see Fig. 2). Immediately following Ignimbrite (B). The temperatures in the legend refer to the thermal
P*, during inelastic compaction, there is a dramatic increasestressing temperature (see text for details).

in the rate of porosity reduction, as inelastic compaction pro-

ceeds. However, the porosity reduction rate then gradually

decreases (especially above about 20 MPa). This represents ) _

the hardening of the rock due to compaction. Over the enPl€S are very different. For mstalr;ce, at a Peff ?‘;5 l;/IPa, the
tire pressure range (up to 50 MPa) the porosity change foP€rmeabilities are about 1:010"*> and 1.0x 10~**m for

the as-collected sample is about the same for NYT and wGN YT (Fig. 6a) and WGI (Fig. 6D), respectively.

(between 9 and 10 %). Figure 5b also shows that the porosit){ For WG, the permeability curves show little change be-
evolution for WG with increasing Peff is unaffected by ther- tWeen 5 and 15MPa (Fig. 6b). However, above 15MPa, the
mal stressing. By contrast, in the case of NYT, the porositypermeab'“ty starts to decrease rapidly before reachlng an ap-
change decreases significantly as thermal stressing temperB2€nt plateau above about 30 MPa. We note that this rapid
ture increases (Fig. 5a). It can also be seen that, for both tuffddecrease starts at the same pressure as the onset of inelas-
thermal stressing does not appear to influence the position di¢ compaction £%). Overall, the permeability is reduced by

P* (Fig. 5). about an order of magnitude from x010-13m? at 5 MPato
1.0x 10-1*m? at 50 MPa. The permeability curves for WGI
4.2 The evolution of permeability with increasing show no clear trend with increasing thermal stressing temper-
pressure and temperature ature (Fig. 6b). The different values obtained for the different

thermal stressing temperatures are within the expected range
The evolution of permeability with increasing Peff for NYT of natural variability between different samples cored from
and WGI at each thermal stressing temperature is displayethe same block (see Table 3).
in Fig. 6 (the values are reported in Tables 4 and 5). Firstly, However, there is a clear influence of the thermal stressing
we notice that the as-collected permeabilities of the two samtemperature on the permeability of NYT (Fig. 6a). At a Peff
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Table 4. Water permeability of NYT as a function of effective pressure and thermal stressing temperature.

Neapolitan Yellow Tuff (NYT)

effective  “as-collected” 100C 200°C 300°C 500°C 750°C
pressure permeability permeability permeability permeability permeability permeability
[MPa] [m?] [m?] [m?] [m?] [m?] [m?]

5 12x10715  17x101 19x1015 27x1015 41x1015 11x10°14
10 85x10°16  17x10°1% 20x101 27x1015 36x101° 11x10°14
15 63x 10716  16x10715 16x101 24x1015 25x1015 85x10°1°
20 49x10718  11x101 82x1016 16x1015 15x1015 61x10°1°
25 25x 10716 76x10°16 45x10716 12x1015 80x1016 44x10°1®
30 17x10°16  53x10°16 25x1016 86x1016 48x1016 32x10°15
35 80x 10717 53x10716 14x1016 64x1018 30x1016 18x10°1°
40 47x10717  31x10716 96x1017 53x1016 27x1016 31x10°16
45 35x 10717 23x10716 60x1017 41x1016 15x1018 54x10°17
50 24%x 10717 17x10716 40x10717 32x1016 10x1018 33x10°17

Table 5. Water permeability of WGI as a function of effective pressure and thermal stressing temperature.

Grey Campanian Ignimbrite (WGI)

effective “as-collected”  100°C 200°C 300°C 500°C 750°C 1000°C
pressure permeability permeability permeability permeability permeability permeability permeability
[MPa] [m?] [m?] [m?] [m?] [m?] [m?] [m?]

5 1.0x 10713 7.8x 10714 1.1x 10713 1.0x 10713 1.0x 10713 1.0x 10713 9.9x 10714
10 9.7x 10714 7.8x 10714 1.1x 10713 1.0x 10713 9.7x 10714 1.0x 10713 9.4x 10714
15 8.9x 10714 6.8x 10714 9.2x 10714 9.5x 10714 7.8x 10714 9.8x 10714 8.2x 10714
20 7.4x 10714 3.8x 10714 6.7x 10714 8.4x 10714 49x 10714 8.4x 10714 6.2x 10714
25 5.3x 10714 2.4x 10714 2.4x 10714 6.3x 10714 2.7x 10714 4.0x 10714 4.4x% 10714
30 2.5x 1014 1.5x 10714 8.6x 10715 4.8x 10714 1.4x 10714 2.0x 10714 3.2x 10714
35 1.3x 10714 1.2x 10714 5.7x 10715 3.7x 10714 8.0x 10715 1.2x 10714 2.4x 10714
40 7.9x 10715 8.6x 10715 46x 10715 24x 10714 55x 10715 8.7x 10715 1.9x 1014
45 4.5x 10715 6.0x 10715 4.0x 10715 1.9x 10714 4.0x 10715 6.6x 10715 1.4x 10714
50 2.2x 10715 42x 10715 3.5x 10715 1.3x 10714 3.0x 10715 55x 10715 1.1x 10714

of 5MPa, the permeability increases from k00 15m? 4.3 The evolution of ultrasonic velocities and dynamic
for the as-collected sample to 1x110-14m? for the sam- elastic moduli with increasing pressure and

ple thermally stressed to 78Q, an increase of an order of temperature

magnitude. As for the WGI, the permeability curves show

little change between 5 and 10 MPa, after which permeabil-_l_h luti f the phvsical . It .
ity decreases more rapidly. We again note that this rapid de- e evolution of the physical properties (ultrasonic wave ve-

crease starts at the same pressure as the onset of inelasll?é:'t'es’ dynamic elastic moduli, aride/ Vs ratio) for NYT

compaction P*). Over the entire pressure range, the perme-and WGI are shown in Figs. 7 and 8, respe(_:tively. First_ly, it

ability is reduced by about an order of magnitude for the as-can be remarked thafc the as-collected physical properties of
collected sample and by about three orders of magnitude foPII;]e t\g’g wffs arel S|T|Ia'£_(see7 ali(_) 8Tablle ﬁ)' For_bc\)(th tuffs,
the sample thermally stressed to P&D(the total decrease adn | w?:v_e ve700|§/( 'SS' a, ,Pa_, ), 'yna:plc Fpung7sd
in permeability increases with increasing thermal stressin odulus (Figs. 7¢, 8c), dynamic Poisson's ratio (Figs. 7d,

temperature, Fig. 6a). The permeability curves all converge S_)’ dy7r}a:3n|c s”h_ear mOdUIthh(_F'gs‘ 7?’ 86'33),:m¢\(/js_rat|o _
at about 40 MPa (at a permeability of about £.001” m?). (Figs. 7, 8f) all increase with increasing Peff, and in a sim-

Therefore, at Peffs of 40 MPa and above, there is no Iongeli)a;vr:\?:cglrég?; i?:é?g)slg’sfg; T()E;S(_Fciz]”e?;t)ey(\?al\\l/zzesl‘g?ple,
any influence of thermal stressing on the permeability of. : 0 ' il
N\?lTI . s P y ity by 21 % (Fig. 7b), Young’s modulus by 53 % (Fig. 7c),
' Poisson’s ratio by 19% (Fig. 7d), shear modulus by 47 %
(Fig. 7e), andVp/ Vs ratio by 15% (Fig. 7f) over the en-
tire pressure range (5-50 MPa). The relative increases are
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Fig. 7. The evolution ofP wave velocity(A), S wave velocity(B), dynamic Young's moduluéC), dynamic Poisson’s rati(D), dynamic
shear modulu¢E), andVp/ V ratio (F) with increasing effective pressure for Neapolitan Yellow Tuff. The temperatures in the legend refer
to the thermal stressing temperature (see text for details).

similar for both tuffs. However, whereas the results for NYT by 8 % (Fig. 7e), and/p/ Vs ratio by 17 % (Fig. 7f) over the
(Fig. 7) show a systematic decrease in all the physical propentire temperature range (as-collected to 7Gp

erties with increasing thermal stressing temperature, no sys-

tematic pattern can be discerned in the WGI results (Fig. 8)4-4  Static elastic moduli under triaxial conditions

At a constant Peff, thermal stressing decredsasdS wave The diff il il . d iated AE
velocity, dynamic Young’s modulus, dynamic Poisson’s ra- e differential stress—axial strain curves and associate

tio, and Vp/ Vs ratio in NYT. For example, for NYT at a energy output curves for the triaxial experiments are shown

Peff of 5 MPa,P wave velocity decreases by 21 % (Fig. 7a), in Fig. 9, and the differential stress-porosity reduction curves

S wave velocity by 4 % (Fig. 7b), Young’s modulus by 18 % are shown in Fig. .10' Even at a Peff as low as 5 M!Da, the
(Fig. 7¢), Poisson’s ratio by 56 % (Fig. 7d), shear rnodulusdeformatlon behaviour of the two tuffs can be described as

macroscopically ductile (i.e. their ability to resist load did
not decrease, see Rutter, 1986). For both rocks, a critical
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Fig. 8. The evolution ofP wave velocity(A), S wave velocity(B), dynamic Young's moduluéC), dynamic Poisson’s rati(D), dynamic
shear modulu¢E), andVp / Vg ratio (F) with increasing effective pressure for Grey Campanian Ignimbrite. The temperatures in the legend
refer to the thermal stressing temperature (see text for details).

pressure, terme@* (Wong and Baud, 2012), is reached and cation of shear stresses enhances compactive deformation.
marks the point where there is an acceleration in axial straimlthough this mode of failure differs greatly from the brittle
(Fig. 9) and porosity reduction (or volumetric strain, Fig. 10) failure seen in the uniaxial experiments of Heap et al. (2012)
for a given stress increment. This phenomenon is calletbn the same rocks, both deformation mechanisms involve the
“shear-enhanced compaction”, and beydaridthe rocks are  same micromechanical process: microcracking (as evidenced
deforming in the compactive, cataclastic flow regime which, by the output of AE energy; a proxy for microcracking).

in this case, is associated with strain hardening. In our exHowever, whereas strain localization is seen in the brittle
periments,C* occurs at differential stresses of about 4 andfield, cataclastic flow involves distributed microcracking (i.e.
7MPa for NYT (Figs. 9a, 10a) and WGI (Figs. 9b, 10b), localization does not occur). Indeed, we see no evidence for
respectively. This contrasts with the values @t of 10 strain localization in the post-experimental samples. The out-
and 15 MPa, respectively, and demonstrates how the appliput of AE energy is seen to increase in a somewhat stepwise
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Flg. 9. Constant strain rate stress—strain curves, together with the

’ . porosity reduction [%]
cumulative output of AE “energy” (the area under the received AE

waveform envelop(_e) for a}s-cqllected Neapoll_tan Yellow T(IAD Fig. 10. Constant strain rate stress-porosity reduction curves for
and Gre_y Campanian Ignimbri(@). The _e_xperlment_al FO”d"'O”S as-collected Neapolitan Yellow TufA) and Grey Campanian Ig-
are provided on each pgnel and the positionsotire |nd|c§ted by nimbrite (B). The experiments shown here are the same as those in
the arrows. The steps in the data are due to the stepwise nature gig. 9. The experimental conditions are provided on each panel and
the pumps. the positions of”* are indicated by the arrows. The steps in the data
are due to the stepwise nature of the pumps. Note that the porosity

. ) . reduction on ther axis is not a relative change.
manner for both rocks (Fig. 9), reflecting bursts of microc-

racking events during deformation, we note that the average

rate of AE energy output for WGI is some 20 times higher 5 piscussion

than for NYT. The difference in AE energy output during

deformation is likely to be the result of the compositional 5.1  Fluid flow and physical property evolution with

differences between the two tuffs. depth

Values for the static Young's modulus, static Poisson’s ra-

tio, and static shear modulus were calculated from the elasti©ur experimental data show that the water permeability of

portions of the stress—strain curves and are given in Table Glifferent as-collected tuff samples from Campi Flegrei can

together with dynamic values determined at the same presvary by multiple orders of magnitude (at a Peff of 5 MPa, per-

sure (Peff=5MPa) for comparison. We note that both themeabilities are 1.& 10~°and 1.0x 10-13m? for NYT and

static Young’s modulus and the static shear modulus are sigWWGl, respectively). This difference in permeability could be

nificantly lower than the corresponding dynamic values. considered surprising if one were to solely consider their
connected porosities (44 and 49 % for NYT and WG, re-
spectively). The difference in permeability is likely due to
differences in pore space connectivity, perhaps related to the
extent of zeolitization and lithification. A similar conclu-
sion was drawn by Vinciguerra et al. (2009). Vinciguerra et
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Fig. 11. Scanning electron microscope images of an as-collected
sample of Neapolitan Yellow Tuff taken beyot. (A) shows an
overview of the postP* microstructure at a low magnificatio(B)
and(C) show detailed evidence of pore collapse (indicated by the
white arrows)(C) is a zoom of the white box shown (B).

Fig. 12.Optical microscope images of Neapolitan Yellow Tuff ther-
mally stressed to a temperature of 10@showing macrocracks.
The photomicrograph in panel A, showing foaming, is taken from

al. (2009) measured the permeability of two different tuffs Heap et al. (2012).

from the Alban Hills (Italy) and found that, at a Peff of
5MPa, the permeabilities of the two tuffs were significantly
different. While the first (well-lithified, zeolitized facies with
an average porosity of 14 %) was found to have a permeabilsecond (fine-grained, matrix-supported facies with frequent
ity of about 1028 m?, which decreased by about an order centimetre-sized accretionary lapilli and an average porosity
of magnitude upon the application of a Peff of 70 MPa, the of 18 %) had a much higher permeability (about ¥dm?)
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Vp/ Vs ratio all increase), in agreement with similar stud-
ies on NYT (Vanorio et al., 2002; Vinciguerra et al., 2006).
Evidence of pore collapse is illustrated in the E-SEM image
of a sample of NYT taken beyon8* provided as Fig. 11.
Pore collapse abov@* has previously been observed in a
tuff from the Alban Hills, Italy (Zhu et al., 2011). A pres-
sure of about 10-15 MPa roughly equates to a depth of about
750 m. Geological cross sections of CF (e.g. Orsi et al., 1996)
suggest therefore that a large volume of the NYT and WGI
tuffs are located at depths where the pressure will be above
P*. This conjecture is confirmed by the reduced porosity of
samples taken from borehole samples (see the report by Gib-
erti et al., 2006). Measurements on borehole samples from
San Vito 1 (at the periphery of the inferred caldera) showed
that the porosity decreases from 40.5 % at the surface to 32.9,
21.9, 21.9, and 15.1% at depths of 810, 1420, 2130, and
2860 m, respectively. Our data show that the porosity loss
for NYT at 2860 m will be about 9 %. A starting porosity of
44 % yields a porosity, purely due to mechanical compaction,
of 35% at a depth of 2860 m. This would imply a porosity
loss due to chemical alteration of about 20 % and suggests
that the impact of hot, circulating fluids plays the dominant
role in the porosity loss of these pyroclastic deposits at depth.
Indeed, the report by Giberti et al. (2006) suggests that it is
the presence of clay minerals, rather than compaction, that is
responsible for the major changes in porosity with depth.

We are certainly aware that our permeability data were col-
lected on rocks from open quarries and, although their prop-
erties were measured at the relevant pressures (and under a
range of thermal stressing temperatures), may not therefore
accurately represent the material at depth (which have had
Fig. 13.Optical microscope images of Grey Campanian Ignimbrite time to compact, lithify, undergo chemical alteration; e.g. see
thermally stressed to a temperature of 1800 Both photographs  qe Gennaro et al., 2000). However, the open access report of
are taken from Heap et al. (2012). Giberti et al. (2006) offers some permeability data on bore-

hole samples. Data from borehole samples taken from San

Vito 1 (at the periphery of the inferred caldera) show that,
that decreased by about two orders of magnitude over thas the porosity is reduced to 32.9, 21.9, 21.9, and 15.1%
same pressure range. Further, considering the high porosat depths of 810, 1420, 2130, and 2860 m, respectively, the
ties of NYT and WGI, their permeabilities are actually sur- permeability (Klinkenberg corrected gas permeabilities) of
prisingly low:; considered to be a consequence of their com-the samples are 111013, 2.5x 10716, 7.9x 10716, and
plex pore structure. By contrast, Boise sandstone (porosityl.9x 10~ m?, respectively. The permeability of the quarry
of 35%), a rock with a much simpler microstructure, has asamples of this study are 8:010~1"m? at a depth of about
permeability of 1.8« 10-12m? at a Peff of 5MPa (Zhu and 2860 m. From these data it is clear that there is no simple
Wong, 1997). relationship between the mechanical compaction and chem-

Our experimental data also show that the permeability ofical alteration that afflicted the samples at depth (causing a
the two tuffs is reduced by about an order of magnitude oversubstantial porosity loss) and their permeability.
the pressure range from 5 to 50 MPa. In detail, the reduction
in permeability with increasing Peff is modest up to a Peff 5.2 The influence of temperature on fluid flow and
of about 10-15 MPa, and accelerates at pressures above 10— physical properties
15 MPa. This can be explained by the positiorPsf(Fig. 5),
the onset of inelastic pore collapse and grain crushing. AQQur experimental data show that thermal stressing has a
pores collapse and grains are crushed, the pathways for fluidtrong influence on the physical properties of NYT, whereas
flow are obstructed. This inelastic compaction also has a sigthose for WGI are unaffected. The fluid flow properties of
nificant influence on other physical properties of the tuffs NYT are enhanced (especially at shallow depths) upon expo-
(ultrasonic wave velocities, dynamic elastic moduli, and thesure to high temperatures, and the ultrasonic wave velocities,
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dynamic elastic moduli, and thép / Vg ratio decrease. Ther- internal pore fluid pressure of 22—23 MPa (under a confining
mal stressing has previously shown to decrease ultrasonipressure of 6-7 MPa) was sufficient to fracture a sandstone
wave velocities in a zeolitized tuff from CF (Vinciguerra of 13 % porosity (Vinciguerra et al., 2004). It is therefore
et al., 2006). The marked difference in the temperature delikely that the estimated overpressures needed to explain the
pendence of the physical properties between the two tuffground deformation at CF (e.g. 10 MPa, Gaeta et al., 1998)
is likely due to the presence of significant quantities of are sufficient to fracture the tuffs and cause further changes
thermally unstable zeolites in NYT, namely phillipsite and in rock physical properties. Although it has been shown that
chabazite, which are not present in WGI (Heap et al., 2012)the porosity of borehole samples can be much less than those
Heap et al. (2012) showed, using a combination of thermo-collected from the surface (see the report of Giberti et al.,
gravimetric analysis, optical microscopy, and X-ray diffrac- 2006), perhaps, given their complex microstructure, it is un-
tion, that NYT lost 18 % of its initial mass, contained large wise to assume that these rocks are stronger. To understand
numbers of macrocracks, and no longer contained any zewhether fluid driven fracturing is prevalent at CF, measure-
olites after exposure to 100C. By contrast, no changes ments of the tensile strength of samples taken from boreholes
in mass, microstructure, or chemistry were seen in WGIis required.
heated to the same temperature (Heap et al., 2012). Optical
microscope photomicrographs of NYT and WGI thermally 5.3 Application of these data to ground deformation
stressed to a temperature of 10@are provided as Figs. 12 modelling at CF
and 13, respectively. Figure 12 shows that the microstructure
of NYT is very different to that depicted in Fig. 2b for the Our data highlight that the elastic moduli of two different
as-collected material. Many cracks are present (Fig. 12a—cjuffs from CF are significantly depth-dependent (Figs. 7, 8).
and some areas contain 1 mm wide foamed glass (Fig. 12a)he implication of these data is that the assumption of a
By contrast, the microstructure of WGI, upon exposure tohomogenous half-space may be an oversimplification, and
1000°C (Fig. 13), is indistinguishable from the as-collected is exacerbated further when one considers the extent of the
microstructure shown in Fig. 2d. These observations havevariability of the tuffs within the caldera (which are variably
been previously reported in Heap et al. (2012). Since, phillip-lithified, altered, and zeolitized, see the report of Giberti et
site and chabazite represent the “cement” that promoted thal., 2006). These data highlight the need for the development
lithification of the originally incoherent pozzolanic material of more complex, multi-layer ground deformation models. In
constituting NYT (de Gennaro et al., 2000), the structuralorder to assess the extent of the variability in elastic moduli
integrity of NYT deteriorates significantly upon their loss of the rocks within the caldera at CF, a systematic experi-
(Heap et al., 2012). Detailed studies (de Gennaro and Colellanental approach involving borehole samples from different
1989, and references therein) on the thermal decompositiodepths and locations within the caldera is now required (dis-
of the zeolites in NYT have highlighted that analcime losescussed further at the end of the section).
water irreversibly, and that chabazite and phillipsite undergo We also find that static and dynamic moduli for the same
a partial reversible dehydration at 240. Phillipsite breaks  tuff differ substantially. Although it is not uncommon for
down during dehydration and chabazite undergoes reversiblstatic and dynamic elastic moduli to be different, due to their
hydration at 350C, and, by 900C, the structure of the zeo- frequency-dependence (Simmons and Brace, 1965; Cheng
lites will be so damaged that no further water molecules carand Johnston, 1981; Eissa and Kazi, 1989; Ciccotti and Mu-
be stored (see de Gennaro and Colella, 1989, and referencé&wgia, 2004; Ciccotti et al., 2004), it raises an important
therein). Therefore, the reported changes in NYT physicalquestion regarding which values are more appropriate in
properties are due to a combination of thermal cracking andnodelling. Manconi et al. (2010) highlighted that, while dy-
the cracks formed as a result of the disintegration of the manamic elastic constants (those derived from seismic veloci-
terial through the loss of zeolites. ties) are representative for rock subject to a dynamic stress,
If we consider NYT at a depth of 1km, the geothermal perhaps static values are more appropriate in the analysis of
gradients provided by the AGIP (1987) exploration boreholesdeformation caused by volcanic sources. A similar conclu-
show that temperatures of 200—-2%D are not unreasonable sion was drawn by Heap et al. (2009). However, static elastic
(Wohletz et al., 1999; de Lorenzo et al., 2001). The data ofmoduli for representative rocks at CF have not been avail-
this study reveal that the zeolitized NYT are prone to unde-able until now. Thus far, elastic moduli have been generally
sirable thermal alteration at these temperatures. At temperassumed, or extrapolated from seismic tomography studies
atures of 200-25%C, permeability increases by a factor of (e.g. Chiarabba and Moretti, 2006). Typically, Poisson’s ratio
2.5, ultrasonic wave velocities, dynamic elastic moduli, andis taken as 0.3 and shear modulus as 5 GPa (e.g. De Natale et
Vp/ Vg ratio decrease by roughly 10%; and uniaxial com- al., 1991). However, while our data show that static and dy-
pressive strength and indirect tensile strength are reducedamic Poisson’s ratio is similar for the measured tuffs (and
by more than a factor of 2 (Heap et al., 2012). A reduc-equal to about 0.3; measurements on borehole samples are
tion in tensile strength may further promote physical propertyalso consistently about 0.3, see the report by Giberti et al.,
changes by encouraging fluid pressure driven fracturing. Ar2006), we also observe that the static shear modulus is about
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Table 6. The static and dynamic elastic moduli of NYT and WGI measured under an effective pressure of 5 MPa.

Neapolitan Yellow Tuff (NYT)  Grey Campanian Ignimbrite (WGI)

static dynamic static dynamic
Young's modulus [GPa] 2.1 6.0 1.7 4.9
Poisson’s ratio 0.30 0.31 0.29 0.24
shear modulus [GPa] 0.81 3.1 0.66 2.7

a factor of four lower than the dynamic value (Table 6). If one the variability in permeability within the caldera and, (2) the
were to assume that our static values are representative, thatevelopment of more complex models that can account for
a more suitable shear modulus would be 0.5GPa, an ordesuch variations in permeability.
of magnitude lower than the values typically used in ground To conclude, while we advise that our laboratory-derived
deformation modelling at CF. We note that, while values of values should be considered for routine ground deformation
the shear modulus of borehole samples provided in the repormnodelling at CF, we also urge caution. Firstly, our measure-
of Giberti et al. (2006) show that the dynamic shear modulusments on laboratory-sized samples do not account for large
can reach values of 10.9 GPa at a depth of 2860 m, no confaults or fractures, which, for example, would serve to lower
plementary static values exist. Future research should focus¥oung’s modulus. Secondly, an important question arises:
on the determination of the static elastic moduli of boreholewhat constitutes “representative” materials for the caldera
samples. at CF? Although our experiments were conducted (1) on
To date, the values of permeability used in the numeroussamples from the two most widespread tuff lithologies that
thermodynamical and magmatic-hydrothermal models haveomprise CF, (2) under the relevant pressures or depths, (3)
spanned many orders of magnitude. For example, Gaeta &mn water-saturated samples and, (4) over a range of thermal
al. (1998) use a value of 161 m?, inferred from the mea- stressing temperatures, our samples were collected from an
surements of Ascolese et al. (1993a, b) and De Natale edbpen quarry and may therefore not represent the material
al. (2001) use the same value, but inferred from the in situat depth (which have had time to compact, lithify, undergo
observations of Rosi and Sbrana (1987). By contrast, Gaetahemical alteration; e.g. see de Gennaro et al., 2000; see also
etal. (2003) use a much lower value of #8m?, taken from  the report by Giberti et al., 2006). However, we highlight
the ambient pressure measurements of Peluso and Arienzbat the permeability measurements on borehole samples pre-
(2007). The experimental data of this study has shown thasented in the report of Giberti et al. (2006) suggest that (1)
(1) the permeability of tuffs at CF can differ by about 1.5 or- the permeability measurements of this study are not dissim-
ders of magnitude (from 2.0 107 1°t0 6.3x 1071"m?, due ilar to those measured on borehole samples and, (2) there
to the extent of zeolitization and lithification, see Tables 4is clearly no simple relationship between porosity and per-
and 5), (2) effective pressure (depth) can significantly altermeability. Further, the tuffs of CF are likely to be extremely
the permeability of tuff (by up to 2 orders of magnitude, seevariable (due to variable lithification, zeolitization, interac-
Fig. 6) and, (3) if the tuff is zeolitized, permeability can be tion with fluids and temperatures) laterally (i.e. within the
increased by thermal stressing episodes (Fig. 6a). While wesame lithological unit) and therefore their physical properties
note that the permeability of different tuffs at CF can dif- at a constant depth are also likely to span a wide range. It is
fer greatly (we expect the extent of the variation to greatly clear that systematic measurements on deep scientific bore-
exceed the 1.5 orders of magnitude quoted here), the samgole samples are now needed from multiple locations and
will also be true for tuff from the same eruptive episode. depths within the caldera to assess the extent of the variabil-
The NYT and the Campanian Ignimbrite — both thick and ity in static elastic moduli and permeability of the rocks that
widespread pyroclastic deposits — are well known to be vari-form the caldera. To conclude, we anticipate that no unique
ably lithified and zeolitized (de Gennaro et al., 2000; Lan- values of permeability or elastic moduli exist for the materi-
gella et al., 2013). The highly variable nature of tuffs at CF als within CF, highlighting the need for the development of
(both laterally and vertically, see the report by Giberti et al., more complex ground deformation models.
2006), coupled with the depth-dependence of permeability,
is likely to produce highly variable permeabilities within the
caldera. Unfortunately, the implication of this conclusion is 6 Conclusions
that, to accurately model ground deformation using a model , o
that requires an estimation of the permeability of the materi- 1 OUr experimental data show that the permeabilities
als within the caldera, we now require (1) permeability mea- of tuffs from Campi Flegrei (the Neapolitan Yellow
surements on borehole samples (from different depths and ~ 1Uff and a tuff from the Campanian Ignimbrite) can

different locations within the caldera) to assess the extent of vary by multiple orders of magnitude. Despite this,
our data also show that their elastic moduli are similar;
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